The role of NH,+ in the regulation of sporulation in Saccharomyces cerevisiae has been studied by analysing the effects of NH,+ and methylammonium ions on sporulation in a wild-type strain; a strain homozygous for the spdl mutation, (derepressed sporulation on a number of carbon sources, reduced sensitivity to NH,+-inhibition of sporulation) ; and a strain homozygous for the gdhA6 mutation, (the structural gene for the anabolic NADP+-dependent glutamate dehydrogenase). The addition of ammonium or methylammonium ions to sporulation medium resulted in incomplete ascus formation. The gdhA6 mutation resulted in a loss of sensitivity to NH,+-inhibition of initiation of sporulation. At higher concentrations of NH,+ the strain homozygous for the gdhA6 mutation was even less sensitive than the sporulation-derepressed strain. However, in the formation of complete asci all three strains behaved very similarly over the whole range of ammonium sulphate concentration. These studies indicate there are at least two separate stages affected by NH:; one early, possibly initiation, the other later, concerned with the organization and delimitation of mature spores. From the reduced sensitivity to NH,+-inhibition of initiation of sporulation conferred by the gdhA6 mutation, and the fact that similar results were obtained using methylammonium ion, it is concluded that some metabolite of NH,+ is responsible rather than NH,+ itself. In addition, the data provide some insight into the nature of the spdl mutation.
I N T R O D U C T I O N
Diploid strains of Saccharomyces cerevisiae transferred from a rich growth medium into one containing a poorly utilized carbon source such as acetate (and usually in the absence of nitrogen) switch from vegetative growth and mitosis to the alternative developmental pathway of meiosis and sporulation. The role of nitrogen metabolism in the control of initiation of sporulation is far from clear, and there are conflicting reports in the literature. Sporulation is repressed by ammonium ions (Miller, 1963) . The mechanism of this effect is unknown for there is a lack of agreement on whether NH,+ itself participates directly, or whether it is due to derivatives (e.g. glutamine) synthesized from it (Piiion, 1977; Dubois et al., 19'77; DurieuTrautmann & Delavier-Klutchko, 1977 ; Delavier-Klutchko et al., 1980) . Ammonium ion and glutamine are reported to have at least two sites of action: one quite early preventing RNA, protein and glycogen synthesis, and affecting pre-meiotic DNA synthesis; the ,other later when DNA synthesis is completed (Durieu-Trautmann & Delavier-Klutchko, 1977; DelavierKlutchko & Durieu-Trautmann, 1978; Delavier-Klutchko et al., 1980; Piiion, 1977; Croes et al., 1978) . NH: does not inhibit the initiation of pre-meiotic DNA synthesis (Piiion, 1977) , but it is reported that DNA synthesis (post initiation) is arrested by NH,+ (Piiion, 1977) , or at least reduced and slowed down by NH,+ or glutamine (Durieu-Trautmann & Delavier-Klutchko, 1977) . Other biochemical processes relevant to sporulation that are inhibited by NH,+ include the induction of glyoxylate cycle enzymes and adaptation to acetate (Gosling & Duggan, 1971) , and glycogen degradation (Fonzi et al., 1979) .
One approach to understanding the role of NH,+ repression of sporulation has been through the study of mutants. Dawes (1975) has described spdl mutants of S . cerevisiae which are J . R. D I C K I N S O N A N D I . W . DAWES derepressed for sporulation ; these homozygous diploids sporulate under certain conditions in which the wild-type does not. In addition, these mutants show a significantly decreased sensitivity to NH,+ repression of sporulation (Vezinhet et al., 1979) . To test whether the anabolic NAPD+-dependent glutamate dehydrogenase [L-glutamate : NADP+ oxidoreductase (deaminating) (EC 1.4.1.4)] is involved in the repression of sporulation by NHZ, Newlon (1979) constructed a strain homozygous for the gene gdhA6 (a nonsense mutation in the structural gene for NADP+-dependent glutamate dehydrogenase (Grenson et al., 1974) . He found that the presence of absence of NADP+-dependent glutamate dehydrogenase made little difference to the cells' sensitivity to NH,+ repression of sporulation. The present study has analysed the repression of sporulation in strains that are : homozygous for the spdl mutation; homozygous for the gdhA6 mutation; and in the wild-type strain S41. This has revealed that NHZ repression of sporulation is due to some metabolite that is derived via the NADP+-dependent glutamate dehydrogenase, and has also given some insights into the role of the SPD 1 gene in sporulation. was derived by crossing M371-18B (MATu, ade6, leul, gdhA6) (which MATa HO ade6 argl-1 cyhl gdhA6 MATa HO ade6 arg4-1 cyhl gdhA6
was obtained from T. Cooper, University of Pittsburgh, Pennsylvania, U.S.A.) with a haploid strain MATa, metl, ade2 and repeated backcrossing of the haploid segregants which bore the gdhA6 allele to S41. Culture media. Cells were grown with shaking at 30 "C in conical flasks filled to 40% total volume in a complex YEPD medium comprising (per litre): yeast extract 10 g, bacteriological peptone 20 g, glucose 20 g, adenine 0.2 g, and uracil 0.2 g. Sporulation medium contained (per litre): potassium acetate, 10 g; adenine, 0-2 g; uracil, 0-2 g and benzyl penicillin, 0.15 g. Strains were maintained on YEPD agar at 0 "C and were cloned before use.
Sporufation conditions. Cells were grown in the YEPD medium and harvested in early-stationary phase by centrifugation (2000g for 10min at 30 "C). The growth medium was discarded and the cells resuspended immediately in sporulation medium.
Counting procedures. The percentage of sporulation was estimated after 48 h by examination under the microscope of at least 300 cells. Viability was estimated by plating appropriate dilutions on YEPD agar plates and comparison with the results obtained using a Coulter Counter.
R E S U L T S AND DISCUSSION
Addition of ammonium or methylammonium ions to sporulation medium resulted in incomplete ascus formation, nevertheless it was clear that the cells had progressed a considerable way towards the formation of complete spores (Fig. 1) . The typical morphology of these incomplete asci comprised ill-defined bundles of material. The spore coat material (which in a normal ascus appears exceptionally bright when viewed under phase-contrast) was largely absent. These incomplete asci retained the shape of vegetative cells. The spores contain haploid nuclei. Cells which had obviously initiated ascus formation were scored as such, as they were distinguishable from cells which had not initiated spore formation, and from those which had formed complete asci. Recognition of this effect has an important bearing on interpretation of the experimental results. Figure 2 shows the effect of ammonium sulphate concentration on the ability of the three strains to initiate spore formation. It is clear that up to about 4 mM-ammonium sulphate the strain that is derepressed for sporulation (59.4A) was least affected by NH;. The homozygous gdhA6 strain fell roughly half way between 59.4A and the wild-type S41 in terms of its sensitivity to NHt. At concentrations of ammonium sulphate above 4 mM strain 275.5D is least sensitive to the ammonium ion. The wild-type is the most sensitive strain over the whole ammonium sulphate concentration range. This result is clearly different from that of Newlon (1979) who reported similar levels of sporulation in wild-type strains and in strains bearing the gdhA6 mutation. The reasons for the difference between these findings and those of Newlon (1979) are not obvious: it is possibly a consequence of pre-sporulation conditions, though one cannot be certain because Newlon (1 979) did not describe his pre-sporulation conditions precisely. Perhaps the genetic background in which his gdhA6 strains were constructed did not allow clear expression of the later ammonium-inhibited stage described here. It is also possible that, unknown to Newlon, all of the strains that he used carried the spdl gene. We have on more than one occasion received strains from other laboratories which adventitiously bore an spdl allele. Figure 3 shows the effect of ammonium sulphate concentration on the ability of the three strains to form complete asci. The results were quite different from those in Fig. 2 , the three strains behaved very similarly over the whole range of ammonium sulphate concentration. Strain 275.5D showed some hypersensitivity to NH: at 1 mM-ammonium sulphate, although this detail was quite variable in replicate experiments. These results are very similar to those of Newlon (1979) . It should be noted that the results here do not contradict those of Vezinhet et al. Y EPD medium, harvested in early-stationary phase ahd resuspended in sporulation medium as described in Methods. Sporulation index expresses the percentage sporulation relative to that which occurred for each strain in the absence of ammonium sulphate. All asci that had been initiated were scored. Fig. 3 . Effect of ammonium sulphate concentration on the ability of the three strains to form complete asci. The data shown relate to the experiment described in Fig. 2 except that only complete asci were scored. The strains used were S41 (a), 59.4A u) and 275.5D (I). The data shown relate to the experiment described in Fig. 2 . The figures in parentheses denote the sporulation index which expresses the percentage sporulation (initiation, or formation of complete asci) relative to that which occurred for each strain in the absence of ammonium sulphate. (1979) who reported that strains homozygous for spdl showed reduced sensitivity to ammonium ion repression of sporulation compared with the wild-type S41. Vezinhet et al. (1979) recorded the absolute level of sporulation, whereas the results presented in Figs 2 and 3 are the percentage sporulation relative to that which occurred for each strain in the absence of NHZ. Strain 59.4A (homozygous for spdl) sporulated far more extensively in absolute terms than the other strains used (Table 1) .
[CH,NH,CIl (mM) Fig. 4 [CH,NH,ClI (mM) medium, harvested in early-stationary phase and resuspended in sporulation medium as described in Methods. Sporulation index expresses the percentage sporulation relative to that which occurred for each strain in the absence of methylammonium chloride. All asci that had been initiated were scored. Fig. 5 . Effect of methylammonium chloride concentration on the ability of the three strains to form complete asci. The data shown relate to the experiment described in Fig. 4 except that only complete asci were scored. The strains used were S41 (a), 59.4A (A) and 275.5D (a).
Methylammonium ion gave similar results to ammonium ion (Figs 4 and 5) . The fact that the strain lacking NADP+-dependent glutamate dehydrogenase was least sensitive to repression of initiation of sporulation by both ammonium ion and methylammonium ion at the higher concentrations used, and was less sensitive than the wild-type over the whole NH,+ concentration range, implied that some metabolite derived from the ammonium ion, rather than the ion itself is the effector repressing sporulation.
This study has identified two distinct stages of sporulation that are affected by the presence of NH,+ in the sporulation medium: initiation, and a later stage associated with the organization and delimitation of spores. The fact that the strain homozygous for the spdl gene showed a similar NHi-sensitivity response to the wild-type with respect to the formation of complete asci, (Fig. 3) , even though the culture of strain 59.4A had a higher absolute degree of sporulation (Table l), shows that the strains differ only in their relative abilities to initiate sporulation. That there is a late event in sporulation associated with spore delimitation, which is inhibited by the presence of NH;, is in accord with the findings of Illingworth (1973) .
The discovery that a strain homozygous for the gdhA6 mutation mimics, at least in part, the behaviour of the spdl homozygous diploid, suggests that the regulation of NADP+-dependent glutamate dehydrogenase may be altered in spdl mutants. This could arise either by an alteration in the enzyme itself, or the availability of its substrates, or the carbon catabolite control over its synthesis and/or activity. The first of these possibilities is unlikely since the enzyme has been found to be active under a range of conditions (J. R. Dickinson, unpublished data). In wild-type strains of S. cerevisiae NADP+-dependent glutamate dehydrogenase is inactivated by glucose starvation (Mazon, 1978; Mazon & Hemmings, 1979) showing that the enzyme is subject to carbon catabolite control under vegetative conditions.
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